We report static and dynamic properties of the antiferromagnetic square-lattice compound Zn2(VO)(PO4)2, and the consequences of non-magnetic Ti 4+ doping at the V 4+ site. 31 P nuclear magnetic resonance (NMR) spectra and spin-lattice relaxation rate (1/T1) consistently show the formation of the long-range antiferromagnetic order below TN 3.75 K. The critical exponent β = 0.33 ± 0.02 estimated from the temperature dependence of the sublattice magnetization measured by 31 P NMR at 9.4 MHz is consistent with universality classes of three-dimensional spin models. The isotropic and axial hyperfine couplings between the 31 P nuclei and V 4+ spins are A iso hf = (9221 ± 100) Oe/µB and A ax hf = (1010 ± 50) Oe/µB, respectively. Magnetic susceptibility and heat capacity data are well described by quantum Monte-Carlo simulations for the Heisenberg model on the square lattice with J 7.7 K. This value of J is consistent with the values obtained from the NMR shift, 1/T1 and electron spin resonance (ESR) intensity analysis. Doping Zn2VO(PO4)2 with non-magnetic Ti 4+ leads to a marginal increase in the J value and the overall dilution of the spin lattice. In contrast to the recent ab initio results, we find neither evidence for the monoclinic structural distortion nor signatures of the magnetic one-dimensionality for doped samples with up to 15% of Ti 4+ . The Néel temperature TN decreases linearly with increasing the amount of the non-magnetic dopant.
We report static and dynamic properties of the antiferromagnetic square-lattice compound Zn2(VO)(PO4)2, and the consequences of non-magnetic Ti 4+ doping at the V 4+ site. 31 P nuclear magnetic resonance (NMR) spectra and spin-lattice relaxation rate (1/T1) consistently show the formation of the long-range antiferromagnetic order below TN 3.75 K. The critical exponent β = 0.33 ± 0.02 estimated from the temperature dependence of the sublattice magnetization measured by 31 P NMR at 9.4 MHz is consistent with universality classes of three-dimensional spin models. The isotropic and axial hyperfine couplings between the 31 P nuclei and V 4+ spins are A iso hf = (9221 ± 100) Oe/µB and A ax hf = (1010 ± 50) Oe/µB, respectively. Magnetic susceptibility and heat capacity data are well described by quantum Monte-Carlo simulations for the Heisenberg model on the square lattice with J 7.7 K. This value of J is consistent with the values obtained from the NMR shift, 1/T1 and electron spin resonance (ESR) intensity analysis. Doping Zn2VO(PO4)2 with non-magnetic Ti 4+ leads to a marginal increase in the J value and the overall dilution of the spin lattice. In contrast to the recent ab initio results, we find neither evidence for the monoclinic structural distortion nor signatures of the magnetic one-dimensionality for doped samples with up to 15% of Ti 4+ . The Néel temperature TN decreases linearly with increasing the amount of the non-magnetic dopant. 
I. INTRODUCTION
Square lattice of antiferromagnetically coupled Heisenberg spins is the simplest spin model in two dimensions (2D).
1,2 Its properties are nowadays well established by extensive numerical studies. [3] [4] [5] The case of spin-1 2 entails strong quantum effects that reduce the sublattice magnetization 4 and have an impact on the correlation length 6 and spin dynamics. 7, 8 The ideal 2D model lacks long-range order (LRO) above zero temperature, following the Mermin-Wagner theorem. 9 However, any real material features a non-negligible interplane coupling that triggers the LRO at a non-zero temperature T N . 10 When interplane couplings are frustrated and inactive, the LRO is driven by anisotropy terms in the spin Hamiltonian.
11
Suppression of the LRO in square-lattice-based magnets is possible via two mechanisms, frustration of inplane couplings or dilution of the spin lattice. The former mechanism is revealed by the model of the J 1 − J 2 frustrated square lattice, where the competition between nearest-neighbor couplings J 1 and second-neighbor couplings J 2 destroys the magnetic order in the vicinity of the quantum critical point at J 2 /J 1 = 0.5 for spin- 
12
This is the well-established theoretically but hitherto never observed experimentally case of the spin-liquid ground state in 2D. 13 The majority of the J 1 − J 2 systems, mostly layered V 4+ phosphates, feature columnar antiferromagnetic (AFM) order [14] [15] [16] induced by J 2 > J 1 . Materials with J 2 /J 1 < 0.5 developing Néel AFM order remain low in number and sometimes challenging to investigate. 17 The second mechanism is the dilution of the spin lattice with non-magnetic impurity atoms. Diluted systems are largely classical even for spin-1 2 . 18 The LRO vanishes at the classical percolation threshold of x c = 0.41, 18, 19 where x is the doping level. The doping leads to a gradual suppression of the Néel temperature T N , 20 but in many spin-1 2 materials the T N drops much faster than expected, because non-magnetic impurity atoms introduce magnetic frustration that contributes to the suppression of the LRO. 21, 22 On the other hand, Li 2 VOSiO 4 , which is a frustrated square-lattice antiferromagnet even without dilution, 14, 23, 24 exhibits a weaker effect on the sublattice magnetization and T N when diluted with non-magnetic Ti 4+ . 25 Apparently, the dilution of real materials never follows the idealized models and entails a modification of individual exchange couplings.
Here, we address magnetic properties and dilution behavior of the square-lattice antiferromagnet Zn 2 VO(PO 4 ) 2 , where spin- Left panel: crystal structure of Zn2VO(PO4)2. Right panel: magnetic layer in the ab plane. Dotted lines show hyperfine couplings between the P atom and the neighboring V 4+ spins; each P atom is coupled to two magnetic ions with opposite spin directions. The spins are along the c direction.
29
by the non-magnetic Ti 4+ . The crystal structure of Zn 2 VO(PO 4 ) 2 features V 4+ O 5 pyramids that are linked into layers via PO 4 tetrahedra in the ab plane (Fig. 1) .
26
Given the small size of the interlayer Zn 2+ cations, the interplane V-V distance (4.52Å) is shorter than the distance in the ab plane (6.31Å). This led earlier studies 27 to conclude that Zn 2 VO(PO 4 ) 2 is a quasi-one-dimensional (1D) magnet with J ⊥ J, where J and J ⊥ stand for the in-plane and interplane couplings, respectively (Fig. 1) . A careful evaluation of thermodynamic data put forward the opposite, quasi-2D scenario with J J ⊥ . 28 Magnetic order observed below T N 3.7 K is AFM in the ab plane and ferromagnetic (FM) along the c direction.
29 It is consistent with ab initio results by Kanungo et al., 30 who also addressed the diluted, Ti-doped case and proposed that the 25% Ti doping should induce a monoclinic distortion reinstating the 1D physics, but this time in the ab plane and not along the c direction.
In this study, we attempt to verify the prediction 30 concerning the Ti-doped Zn 2 VO(PO 4 ) 2 experimentally, and show that within the feasible doping levels, neither the monoclinic distortion nor the 1D physics are observed. Instead, thermodynamics of Ti-doped Zn 2 VO(PO 4 ) 2 is largely consistent with expectations for the diluted square lattice of Heisenberg spins. The Néel temperature is systematically suppressed upon the dilution, and the rate of suppression is similar to that in Li 2 VOSiO 4 . We provide accurate estimates of the inplane exchange coupling in order to assess this effect quantitatively, and discuss our results in the light of available experimental data on diluted AFM square lattices. We also report additional characterization for thermodynamic properties, ground state and spin dynamics of the parent Zn 2 VO(PO 4 ) 2 compound. These data will serve as a starting point for detailed studies of the doped material. 
II. METHODS
Polycrystalline samples of Zn 2 (V 1−x Ti x )O(PO 4 ) 2 (x = 0%, 5%, 10%, and 15%) were prepared by a conventional solid-state reaction route. In the first step, Zn 2 P 2 O 7 was synthesized using ZnO (Aldich, 99.999%) and NH 4 H 2 PO 4 (Aldrich, 99.999%) as starting materials. The stoichiometric mixtures were fired at 600
• C in air with one intermediate grinding. In the second step, Zn 2 P 2 O 7 was mixed with VO 2 (Aldich, 99.999%) and TiO 2 (Aldich, 99.999%) and then the stoichiometric mixtures were fired in flowing Ar-gas atmosphere with several intermediate grindings and palletizations at 850
• C. To check the sample purity, powder x-ray diffraction (XRD, PANalytical powder diffractometer and CuK α radiation, λ ave = 1.54182Å) was performed at room temperature. The samples with x = 0%, 5%, and 10%, were single-phase, but at higher doping concentrations several impurity phases including Ti 4 O 3 (PO 4 ) 3 emerged. Our repeated attempts to achieve higher doping levels by increasing or lowering the firing temperature were unsuccessful. Therefore, we focus on studying the samples with x ≤ 15 %, where a minor amount of non-magnetic Ticontaining impurities does not hinder the data analysis.
Le Bail fit of the powder XRD data was performed using the FullProf software package based on the tetragonal structure with space group I4cm to determine the lattice parameters. 31 No indications of a symmetry lowering were observed. All the data sets could be fitted using structural data of the parent compound as the initial parameters. The refined lattice parameters and the goodness of fits (χ 2 ) are listed in Table I . No significant change in lattice constants (a and c) and unit cell volume (V ) was observed with increasing x. Given the fact that Ti 4+ features nearly the same ionic radius (0.51Å) as V 4+ (0.53Å), we do not expect any substantial changes in the cell volume. Thus our experimental observation is consistent with expectations based on the ionic radii.
Magnetic susceptibility χ(T ) and heat capacity C p (T ) measurements were performed using a commercial Physical Property Measurement System (PPMS, Quantum Design). For the χ(T ) measurement, the VSM attachment to the PPMS was used.
Electron spin resonance (ESR) experiments were carried out on a fine-powdered sample with a standard continuous-wave spectrometer between 5 K and 300 K.
We measured the power P absorbed by the sample from a transverse magnetic microwave field (X-band, ν 9.4 GHz) as a function of an external, static magnetic field H. A lock-in technique was used to improve the signal-to-noise ratio which yields the derivative of the resonance signal dP/dB.
The NMR measurements were carried out using pulsed NMR techniques on 31 P (nuclear spin I = 1/2 and gyromagnetic ratio γ N /2π = 17.237 MHz/T) nuclei in the temperature range 1.5 K ≤ T ≤ 250 K. We have carried out the NMR measurements at two different radio frequencies of 75.5 MHz and 9.4 MHz that correspond to applied fields of about 4.38 T and 0.545 T, respectively. Spectra were obtained either by Fourier transform of the NMR echo signals or by sweeping the field at a fixed frequency. The NMR shift In order to analyze the effect of doping on the exchange couplings, we first consider thermodynamic properties of the parent compound. Our χ and C p data are similar to those reported by Kini et al. 28 Magnetic susceptibility (Fig. 2) shows a broad maximum around 6.9 K corresponding to the short-range order in 2D. The LRO transition manifests itself by a kink at T N 3.75 K in the susceptibility data measured at 1 T and 2 T. This effect is due to the spin-flop transition that increases the susceptibility below T N .
Specific heat reveals a λ-type anomaly at T N (Fig. 3 ). The hump above T N is a signature of the broad maximum related to the 2D short-range order. The C p (T ) flattens out around 10 K and increases at higher temperatures because of the growing phonon contribution. Applied magnetic field suppresses the hump and shifts the entropy to the transition anomaly at T N . However, the value of T N 3.75 K remains unchanged.
Magnetic susceptibility of Zn 2 VO(PO 4 ) 2 is well described by the AFM square-lattice model. The susceptibility simulated by QMC was fitted to the experimental curve using the expression:
where χ * is the reduced susceptibility calculated by QMC, N A is Avogadro's number, k B is Boltzmann constant, and g is the g-factor. We fit the data with J = 7.7 K and g = 1.95 down to 6.5 K (Fig. 2) . At lower temperatures, experimental susceptibility lies above the simulated curve. This deviation can be mitigated by decreasing the J value to 7.4 K. However, the description of the high-temperature part is deteriorated, and the g-value drops to 1.91, which is below our ESR estimate (Sec. III B) and below the typical range of powder-averagedḡ = 1.94 − 1.98 reported for V 4+ oxide compounds.
34-36 A Curie-like impurity contribution also improves the fit in the low-temperature region, but introduces discrepancies at higher temperatures. Moreover, the low-field data measured at 0.5 T do not show any signatures of a Curie-like upturn down to 2 K (Fig. 2 ).
Specific heat above T N is also consistent with the predictions of the square-lattice model. For a proper comparison magnetic (C mag ) and phonon (C phon ) contributions to the specific heat should be separated. Unfortunately, a non-magnetic reference compound for our case is not available, because not more than 15% of Ti 4+ can be doped into Zn 2 VO(PO 4 ) 2 , and the hypothetic end member Zn 2 TiO(PO 4 ) 2 does not exist. Kini et al. 28 approximated C phon with a series of Debye functions and demonstrated that C phon < C mag below 10 K. By using the data from Ref. 28 , we verified that in this temperature range of our interest C phon follows the T 3 behavior. Therefore, we fitted our data as:
where R is the gas constant, and β is treated as an adjustable parameter, because in doped samples it may change following the change in the atomic masses and the formation of defects having influence on phonons. This way, we compare specific heat of Zn 2 VO(PO 4 ) 2 to the QMC result and find best agreement for J = 7.8 K (Fig. 3 ) that is nearly equal to J = 7.7 K from the susceptibility fit.
For the sake of completeness, let us discuss possible deviations from the idealized square-lattice model. The ratio T N /J 0.51 implies |J ⊥ |/J 0.1.
10 This weak J ⊥ has no visible effect on the magnetic susceptibility above 5 K, as verified by a direct QMC simulation for the 3D model (Fig. 2) .
The square lattice in Zn 2 VO(PO 4 ) 2 can be weakly frustrated by the second-neighbor coupling J 2 . Frustrated spin models are not amenable to QMC simulations because of the notorious sign problem. Therefore, we resort to the high-temperature series expansion (HTSE) of the frustrated square lattice model 24 for the magnetic susceptibility that is generally valid at temperatures exceeding individual magnetic couplings J i . The data above 10 K yield J 7.8 K, J 2 0.3 K, and g 1.96 in excellent agreement with Ref. 28 . Therefore, the frustration of the square lattice in Zn 2 VO(PO 4 ) 2 is extremely weak, J 2 /J 0.04 to be compared with the ab initio result J 2 /J = (t 2 /t 1 ) 2 0.03 from Ref. 30 . We do not expect that this weak frustration affects thermodynamic properties.
The remaining source of the marginal discrepancy between the square-lattice model and the experimental magnetic susceptibility is the magnetic anisotropy. However, we do not find any strong signatures of the anisotropy in the NMR data reported below. 
B. ESR
Results of the ESR experiment are presented in Fig. 4 . In the right inset of Fig. 4 , a typical ESR spectrum at room temperature is shown. The shape of the spectra can be well described by a powder-averaged Lorentzian line for the case of an easy-axis anisotropy of the gtensor, as shown by the solid line, yielding the parallel g = 1.94 (6) and perpendicular g ⊥ = 1.98(7) components at T = 295 K. The isotropic g = (g 2 + 2g 2 ⊥ )/3 was calculated to be ∼ 1.97. Regardless of g < g ⊥ (as expected for an easy-axis anisotropy), these V 4+ gfactors are similar to those reported for
The integrated ESR intensity [I ESR (T )] increases with decreasing temperature and then exhibits a broad maximum at about 7 K as observed in χ(T ) (Fig. 2) and K(T ) (Fig. 6) . Below T N , it decreases rapidly towards zero. I ESR (T ), as obtained by integrating the whole spectrum, linearly depends on the uniform static susceptibility χ(T ) of the V 4+ spins probed by ESR. Hence, one can get an estimate of the exchange couplings by fitting I ESR (T ) data to the HTSE of the square lattice model. We fitted the data above 8 K to I ESR (T ) = A + B × χ spin , where A and B are arbitrary constants and χ spin is the expression for HTSE (valid over
for the 2D S = 1/2 HAF square lattice given by Rushbrooke and Wood 37 which can be written as
where x = k B T J . By fitting the data in the high-T regime (T > 8 K), the exchange coupling was estimated to be J = (8. Fig. 4) . A nearly linear behavior down to 9 K reflects that I ESR (T ) tracks χ(T ) of the V 4+ spins very well.
The influence of critical spin fluctuations on the temperature dependencies of linewidth and resonance field become noticeable below 30 K. However, we refrained from using these temperature dependencies to obtain information on the critical spin dynamics for which an accurate determination of the parallel and perpendicular line components is needed. For this purpose, our powder spectra are too broad compared to the difference between g and g ⊥ . Investigations of single crystals would certainly provide the required accuracy as the ESR results on Pb 2 VO(PO 4 ) 2 have shown in Ref. 35 .
C.
31 P NMR Shift
According to Ref. 26 , the structure of Zn 2 VO(PO 4 ) 2 features one P site. We observed a narrow spectral line above T N as is expected for an I = 1/2 nucleus.
38 Figure 5 shows the 31 P NMR spectra measured at different temperatures. The line shape was found to be asymmetric because of the anisotropy in χ(T ) and/or in the hyperfine coupling constant between the P nucleus and the V 4+ spins. The line position was found to shift with temperature. Temperature dependence of the NMR shift K extracted by fitting the spectra (see inset of Fig. 5 ) are presented in Fig. 6(a) , which shows a strong anisotropy along different directions. At high temperatures, both isotropic (K iso ) and axial (K ax ) parts of the NMR shift vary in a CurieWeiss manner and then pass through a broad maximum at around 9 K reflecting the 2D short-range order, similar to the χ(T ) data (Fig. 2) .
The NMR shift K(T ) is related to the spin susceptibility χ spin (T ) by the relation
where K 0 is the temperature-independent chemical shift, and A hf is the hyperfine coupling constant between the P nuclei and the V 4+ electronic spins. The K vs. χ plot with T as an implicit parameter is fitted very well by a straight line [ Fig. 6(b) ] over the whole temperature range (T > T N ) yielding the isotropic and axial parts of the hyperfine coupling A iso hf = (9221 ± 100) and A ax hf = (1010 ± 50) Oe/µ B , respectively. Since the NMR shift is a direct measure of χ spin and is free from extrinsic impurities, it serves as an independent test for the bulk susceptibility χ(T ). We fitted the temperature dependence of K iso above 6 K by Eq. (4) where the expression for χ spin is given in Eq. (3). During the fitting process, A iso hf and g were fixed to the values g 1.97 and A iso hf 9221 Oe/µ B , obtained from the ESR experiments and K iso vs. χ analysis, respectively. In this way, we obtained K 0 = (0.025 ± 0.001) % and J/k B = (8.4 ± 0.3) K. The fit is shown in Fig. 6(a) as a solid line. The resulting J value is close to the values estimated from the χ(T ) analysis 28 and neutron diffraction experiments.
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D. NMR spectra below TN Below T N , the 31 P spectra measured at 75.5 MHz were found to broaden abruptly. In order to precisely probe the intrinsic line shape, we remeasured the 31 P spectra at a lower frequency of 9.4 MHz. As shown in Fig. 7 , the 31 P line above T N remains narrow and immediately below T N it starts broadening indicating that the P site is experiencing the static internal field in the ordered state through the hyperfine field between the P nuclei and the ordered V 4+ moments. With decrease in temperature, the spectrum takes a nearly rectangular shape but the central peak still persists down to the lowest measured temperature. As discussed later, this central peak is found to be intrinsic to the sample.
40
The internal field H int , which is proportional to the V 4+ sublattice magnetization, was determined from the fit of the experimental spectra following the procedure adopted recently for BiMn 2 PO 6 (Ref. 39 ). The temperature dependence of H int is plotted in Fig. 8 . In order to extract the critical exponent (β) of the order parameter (sublattice magnetization), H int (T ) was fitted by the power law:
One can notice that H int decreases sharply on approaching T N . We have estimated β by fitting the data points as close as possible to T N (i.e., in the critical region) as shown in Fig. 8 . The maximum value of β = 0.33 ± 0.02 with T N 3.9(1) K was obtained by fitting the data points in the T -range 3.7 K to 3.95 K close to T N . By increasing the number of fitting points toward low-T s, the β value was found to decrease. At low-T s, H int develops the tendency of saturation and it saturates faster than expected from the mean-field theory [see the deviation of fits in Fig. 8 at low-T s] .
FIG. 7. (Color online) Temperature-dependent
31 P NMR spectra measured at 9.4 MHz. The solid lines are the fits to the spectra at different temperatures as in Ref. 39 . The spectra in the paramagnetic state broaden below TN and take a rectangular shape, due to the internal field Hint. 
E. Nuclear spin-lattice relaxation rate 1/T1
The 31 P nuclear spin-lattice relaxation rate 1/T 1 above T N was measured at the field corresponding to the central peak position. For T ≤ T N , the measurements were performed at both the central peak position as well as at the right-hand side (RHS) edge position (see Fig. 7 ). For an I = 1/2 nucleus, the recovery of the longitudinal magnetization is expected to follow a single-exponential behavior. In Zn 2 VO(PO 4 ) 2 , the recovery of the longitudinal nuclear magnetization was indeed fitted well by the exponential function 1 − M (t)
, where M (t) is the nuclear magnetization at a time t after the saturation pulse and M 0 is the equilibrium magnetization. The temperature dependence of 1/T 1 extracted from the fit is presented in Fig. 9(a) .
The 1/T 1 data measured at two different frequencies (75.5 MHz and 9.4 MHz) almost resemble each other at low temperatures. At high temperatures (T > ∼ 10 K), 1/T 1 is temperature-independent. In the high temperature limit T J/k B , a temperature-independent 1/T 1 behavior is typical due to random fluctuation of paramagnetic moments. 41 With decrease in temperature, 1/T 1 decreases slowly for T < 10 K and then shows a weak anomaly around T N 3.8 K. This decrease is very similar to that observed previously in the cases of the antiferromagnetic square lattices Pb 2 VO(PO 4 ) 2 (Ref. magnetic spin fluctuations at the probed nuclei.
7
Below the peak, 1/T 1 again decreases smoothly towards zero. As shown in Fig. 9 (a) no difference in 1/T 1 below T N was observed between the data measured at the central peak and RHS edge positions at 9.4 MHz.
IV. TI-DOPED ZN2VO(PO4)2
As mentioned in Sec. II, all Ti-doped samples revealed tetragonal symmetry, similar to the parent compound. The sample with x = 0.15 contained trace amounts of impurity phases, so its doping level may be slightly below 15%, but this minor deviation had no visible effect on the results.
Magnetic susceptibility of doped samples normalized to one mole of V 4+ spins is shown in Fig. 10 . The susceptibility maximum is systematically shifted to higher values of χ and to lower temperatures. For the sake of better presentation, we use a different scaling for the specific heat and normalize the data to one mole of the compound. Fig. 11 presents the systematic reduction in the specific heat maximum around 4.5 K following the reduced amount of the magnetic V 4+ ions. The position of the maximum is roughly unchanged up to x = 0.15.
Magnetic order persists in all Ti-doped samples. The magnetic transition is seen by a change in the slope of χ(T ) (Fig. 10) . The precise value of T N is better tracked by the λ-type anomaly in the specific heat (Fig. 11) . The Néel temperature determined with the 0.05 K uncertainty from the maximum of the transition anomaly, displays a systematic reduction from 3.75 K in the parent compound to 2.9 K at x = 0.15. This corresponds to the slope of −dT N (x)/dx = CT N (0) with C = 1.5(2), which is reminiscent of C 2 in Li 2 VOSiO 4 25 and well below C 2.7 or C 3.5 for La 2 CuO 4 doped with Mg and Zn, respectively.
22
TABLE II. Parameters obtained from fitting the susceptibility and specific heat data for Zn2V1−xTixO(PO4)2 with QMC results for the ideal (x = 0) and diluted (x > 0) square-lattice models. g stands for the g-factor, χ0 is the temperature-independent contribution to the susceptibility (in 10 −5 emu/mol), and J is the exchange coupling (in K).
x Néel temperature of an antiferromagnet depends on its exchange couplings. Therefore, for a proper interpretation of T N (x) and its slope, one has to evaluate the change in J upon doping. To this end, we fitted magnetic susceptibility and specific heat of Ti-doped samples in the same manner as we did in Sec. III A for the parent compound. Model curves were obtained by QMC simulations for the diluted square lattice of spins- Table II and show a good match between the susceptibility and specific heat data. The error bar for the values of J is somewhat difficult to define, because statistical errors largely depend on the temperature range of the fitting. However, even with a very optimistic error bar of 0.1 K for the susceptibility fits above 7 K, the change in J between x = 0 and x = 0.15 is only marginal. Moreover, T N depends on ln J, 10 so the 4% change in the J value should have negligible effect on the T N . Its reduction is, therefore, solely due to the dilution, and the slope of T N (x) reflects the dilution effect on the spin- The exchange couplings extracted from χ(T ), I ESR (T ), and K iso (T ) data for Zn 2 VO(PO 4 ) 2 are consistent with the values reported before from the χ(T ) analysis 28 and neutron scattering experiments within the error bar.
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According to the J 2 /J 0.03 ratio, Zn 2 VO(PO 4 ) 2 features the Néel antiferromagnetic ground state with antiparallel spins on nearest neighbors in the ab plane (Fig. 1, right) . 29 In the crystal structure, squares are formed via V-O-P-O-V superexchange interaction paths. In contrast to Pb 2 VO(PO 4 ) 2 where each P atom is coupled to four V 4+ spins, 16 in Zn 2 VO(PO 4 ) 2 each P atom is coupled to two V 4+ spins only (Fig. 1, right) . The total hyperfine coupling constant at the P site is the sum of transferred hyperfine (A trans ) and dipolar (A dip ) couplings produced by V 4+ spins, i.e., A hf = z A trans + A dip , where z = 2 is the number of nearestneighbor V 4+ spins of the P site. The anisotropic dipolar couplings were calculated using lattice sums to be A a = 210 Oe/µ B , A b = 210 Oe/µ B , and A c = −420 Oe/µ B along the a-, b-, and c-directions, respectively. Clearly, the value of dipolar coupling is almost negligible compared to the total hyperfine coupling [A iso hf = (9221±100) Oe/µ B ] suggesting that the dominant contribution to the total hyperfine coupling is due to the transferred hyperfine coupling at the P site. The magnitude of this coupling depends on the relative orientation and the extent of overlap between the V(3d), P(2p), and O(2s) orbitals.
As shown in Fig. 7 , the P line in the magnetically ordered state takes a typical rectangular shape, reflecting that the magnetic ordering is commensurate in nature. If the magnetic structure were incommensurate with the lattice, the internal field would be distributed and the spectrum would not exhibit the rectangular shape seen in Fig. 7 . Our spectra are, therefore, consistent with the collinear magnetic order determined from the neutron diffraction experiments.
The central line does not disappear from the experimental spectra completely even at the lowest measured temperature. NMR experiments on many other compounds, especially on powder samples, are reported to show similar coexistence of the high-T and low-T phases, e.g., in 39) . One could argue that the coexistence of two phases is due to a spread of the transition temperatures within the polycrystalline sample, but in such a case it is quite unlikely to observe a distinct peak in the temperature dependence of 1/T 1 , as seen in Fig. 9 . One possible origin of the central line is the impurity phases. In order to check that, we measured 1/T 1 below T N at the positions corresponding to the central peak and the RHS edge of the spectra. The magnitude and the temperature dependence of 1/T 1 at both positions are the same, which clearly suggests that the central peak is an intrinsic feature of the sample and completely rules out the contribution of impurity phases. Another possible origin of the central line could be the presence of crystal defects or local dislocations in the polycrystalline sample.
The temperature dependence of H int in the critical region provides the critical exponent β reflecting the universality class of the spin system. The β values expected for different spin-and lattice-dimensionalities are listed in Table II of Ref. 16 . The value of β obtained from the experiment is ≈ 0.33, which would be consistent with any of the 3D spin models (Heisenberg, Ising, or XY). Given the fact that below T N spins are aligned with the c direction, 29 we may expect a weak Ising anisotropy, but it is impossible to quantify this putative anisotropy using the data at hand. 48 The origin of this difference should be addressed in future studies.
B. Dynamic Properties
As shown in Fig. 9(b) , 1/(χT 1 T ) above ∼ 10 K is Tindependent and increases slowly below 10 K where the system begins to show antiferromagnetic short-range order. The general expression for 1 T1T in terms of the dynamic susceptibility χ M ( q, ω 0 ) is 49,50
where the sum is over wave vectors q within the first Brillouin zone, A( q) is the form factor of the hyperfine interactions as a function of q, and χ M ( q, ω 0 ) is the imaginary part of the dynamic susceptibility at the nuclear Larmor frequency ω 0 . For q = 0 and ω 0 = 0, the real component of χ M ( q, ω 0 ) corresponds to the uniform static susceptibility χ. Thus the temperature-independent 1/(χT 1 T ) above 10 K in Fig. 9(b) demonstrates the dominant contribution of χ to 1/T 1 T . On the other hand, a slight increase of 1/(χT 1 T ) below 10 K indicates the growth of antiferromagnetic correlations with decreasing T . The symmetric location of phosphorous between the two V 4+ spins implies that Néel type AFM spin fluctuations [ q = (±π/a, ±π/b)] from neighboring spins should be largely filtered out (|A( q)| 2 = 0) because the P nuclei interact with V 4+ spins having opposite directions (Fig. 1, right) . When the coupling to the two V 4+ spins is equivalent, the AFM fluctuations do not contribute to 1/(χT 1 T ). The residual enhancement of 1/(χT 1 T ) below 10 K reflects the asymmetry of the hyperfine couplings. This asymmetry is consistent with the crystal structure of Zn 2 VO(PO 4 ) 2 , where the P atoms are located on mirror planes running perpendicular to the (a+b) or (a−b) crystallographic directions. The tensor of hyperfine couplings may change its orientation upon the reflection in the mirror plane, thus leading to non-equivalent interactions between P and the up-and down-spins on the neighboring V 4+ ions. In the AFM ordered state, 1/T 1 is mainly driven by scattering of magnons, leading to a power-law temperature dependence. 51, 52 For T ∆/k B , where ∆/k B is the gap in the spin-wave spectrum, 1/T 1 either follows a T 3 behavior due to a two-magnon Raman process or a T 5 behavior due to a three-magnon process, while for T ∆/k B , it follows an activated behavior 1/T 1 ∝ T 2 exp(−∆/k B T ). As seen from Fig. 9 (a), our 31 P 1/T 1 data in the lowest temperature region (1.5 K ≤ T ≤ 3.25 K) follow the T 5 behavior rather than the T 3 behavior suggesting that the relaxation is mainly governed by the three-magnon process. The lack of activated behavior down to 1.5 K indicates that the upper limit of ∆/k B is 1.5 K.
At sufficiently high temperatures, 1/T 1 due to local moments is T -independent and can be expressed within the Gaussian approximation of the auto-correlation function of the electronic spin as:
where ω ex = (|J max |k B /h) 2zS(S + 1)/3 is the Heisenberg exchange frequency, z is the number of nearestneighbor spins of each V 4+ ion, and z is the number of nearest-neighbor V 4+ spins for a given P site. The z in the numerator takes into account the number of nearest-neighbor V 4+ spins responsible for producing fluctuations at the P site. Using the relevant parameters, A hf 9221 Oe/µ B , γ N = 1.08 × 10 8 rad s
, and the high-temperature (150 K) relaxation rate of 1 T1 T →∞ 7270.6 s −1 for the P site in Eq. (7), the magnitude of the exchange coupling is calculated to be J 9 K in good agreement with J 7.7 K determined from the thermodynamic data (Sec. III A).
One can see in Fig. 9 (a) that for T > 10 K a slight increase in 1/T 1 was observed at 9.4 MHz compared to the data measured at 75.5 MHz. In order to check whether this difference is due to the effect of spin diffusion, we measured 1/T 1 at different applied fields at T = 15 K. Long-wavelength (q ∼ 0) spin fluctuations in a Heisenberg magnet show diffusive dynamics. In 1D compounds, such spin diffusion results in a 1/ √ H magnetic field dependence of 1/T 1 , which has been observed in (CH 3 ) 4 NMnCl 3 , CuCl 2 .2NC 5 H 5 , and Sr 2 CuO 3 .
53-55
On the other hand, in 2D materials 1/T 1 varies as log(1/H).
54,56
In Fig 12, 1 /T 1 is plotted against − log H. A weak field dependence is observed. It can be fitted by the form 1/T 1 = a + log(1/H) where a is a constant. The linearity of the 1/T 1 vs. log(1/H) dependence supports the 2D nature of the compound.
C. Effect of doping
At first glance, Zn 2 VO(PO 4 ) 2 reveals an ideal case of the dilution of a spin-1 2 AFM square lattice. We have shown that the change in the nearest-neighbor coupling J is marginal (Table II) , and the frustration by secondneighbor couplings J 2 is negligible in the parent compound. Therefore, it is surprising that the Néel temperature of Zn 2 VO(PO 4 ) 2 drops much slower than expected for the diluted AFM square lattice of spins-1 2 . In a diluted system, the T N can be written as follows:
where J ⊥ (1 − x) 2 reflects the reduction in the interlayer coupling (the probability to find two coupled spins in the adjacent layers), ξ(x, T N ) is the in-plane correlation length, and M (x) is the staggered magnetization at a given value of x. All these factors taken together should yield the slope C 3.2 (Ref. 58 ) for the linear dependence of T N (x) and spin-1 2 . Experimentally, Carretta et al. 22 report C 2.7 and 3.5 for Mg-and Zn-doped La 2 CuO 4 , respectively. 59 This finding can be rationalized by assuming that Zn atoms introduce additional frustration, whereas Mg atoms do not.
21,22
In Ti-doped Li 2 VOSiO 4 , the slope of T N (x) is C 2, only. Papinutto et al. 25 proposed that this slope is solely due to the first term J ⊥ (1 − x) 2 , while M (x) is only weakly influenced by doping because the effect of dilution is countered by the change in the frustration ratio. This explanation looks plausible for Li 2 VOSiO 4 indeed, because the physics of this compound is determined by the competing nearest-neighbor and secondneighbor couplings on the square lattice. 23, 24 Ti-doped Zn 2 VO(PO 4 ) 2 reveals an even lower C 1.5, and in this compound frustration is clearly inactive. We have shown that it is vanishingly small (J 2 /J 0.03) in the pristine Zn 2 VO(PO 4 ) 2 , while its increase (if any) will have an opposite effect on the system and increase C above 3.2 instead of decreasing it to the experimental C 1.5 value.
This raises an interesting question to what extent the T N (x) dependence is influenced by the physics of the diluted Heisenberg square lattice, and whether anisotropy could play a more significant role. Magnetic order in quasi-2D magnets is often stabilized by anisotropy terms.
11 While this may not be the case in the undoped Zn 2 VO(PO 4 ) 2 with its well-defined and seemingly nonfrustrated FM order along the c-direction, 29 the presence of magnetic anisotropy may influence the T N values in doped samples. We note in passing that the crystal structure of Zn 2 VO(PO 4 ) 2 is non-centrosymmetric, so that anisotropic magnetic interactions are allowed. Our NMR data provide the upper estimate of the anisotropy gap ∆ < 1.5 K, which is, however, about 15% of J and exceeds the typical values of the DzyaloshinskyMoriya (DM) anisotropy in V 4+ compounds. 60,61 A further study of the anisotropy effects on single crystals of Zn 2 VO(PO 4 ) 2 will be certainly insightful. It is also interesting to evaluate M (x) for Ti-doped samples, and our extenstive NMR study of the parent compound provides solid basis for this work.
VI. SUMMARY AND CONCLUSIONS
Zn 2 VO(PO 4 ) 2 is a quasi-2D AFM square-lattice compound with J 7.7 K, negligible in-plane frustration, and long-range magnetic order below T N 3.75 K. Thermodynamic properties are well described by the Heisenberg model on the AFM square lattice. However, we detect subtle deviations in the low-temperature magnetic susceptibility. NMR results confirm the commensurate nature of the magnetic order. The spin-lattice relaxation rate 1/T 1 below T N follows the T 5 behaviour reflecting that the relaxation is governed by the three-magnon process. 1/T 1 at 15 K varies as log(1/H) and supports the 2D nature of the compound. The critical exponent for the sublattice magnetization is consistent with any of the 3D universality classes. Ti 4+ doping with up to 15% of Ti
4+
leads to a uniform dilution of the spin lattice and only a marginal change in the in-plane exchange coupling. T N goes down in a linear manner, but its slope is well below theoretical expectations for the diluted Heisenberg antiferromagnet on the square lattice of spins- 
